Voriconazole is a potent triazole with broad-spectrum antifungal activity against clinically significant and emerging pathogens. The present population pharmacokinetic analysis evaluated voriconazole plasma concentration-time data from three studies of pediatric patients of 2 to <12 years of age, incorporating a range of single or multiple intravenous (i.v.) and/or oral (p.o.) doses. An appropriate pharmacokinetic model for this patient population was created using the nonlinear mixed-effect modeling approach. The final model described voriconazole elimination by a Michaelis-Menten process and distribution by a two-compartment model. It also incorporated a statistically significant (P < 0.001) influence of the CYP2C19 genotype and of the alanine aminotransferase level on clearance. The model was used in a number of deterministic simulations (based on various fixed, mg/kg of body weight, and individually adjusted doses) aimed at finding suitable i.v. and p.o. voriconazole dosing regimens for pediatric patients. As a result, 7 mg/kg twice a day (BID) i.v. or 200 mg BID p.o., irrespective of body weight, was recommended for this patient population. At these doses, the pediatric area-under-the-curve (AUC) distribution exhibited the least overall difference from the adult AUC distribution (at dose levels used in clinical practice). Loading doses or individual dosage adjustments according to baseline covariates are not considered necessary in administering voriconazole to children.
Voriconazole is a broad-spectrum triazole antifungal used for the treatment of invasive fungal infections. By selectively inhibiting the fungal enzyme 14-␣-sterol demethylase, triazoles significantly disrupt fungal plasma membrane synthesis and sustained fungal growth (4) . In vitro studies show that at clinically achievable concentrations, voriconazole exhibits potent activity against Aspergillus spp., Candida spp. (including Candida krusei and Candida glabrata, which are less susceptible to other azoles), and a broad range of rare and emerging fungal pathogens (with the notable exception of zygomycetes) (3, 12, 14, 24) . It has been approved in both the United States and Europe for treatment of invasive aspergillosis, candidemia (in nonneutropenic patients), esophageal candidiasis (United States only), invasive candidiasis, and serious fungal infections caused by Scedosporium spp. and Fusarium spp.
Voriconazole is available for adult use, in both oral (p.o.) (tablets and suspension) and intravenous (i.v.) formulations. Given i.v. to adults, the recommended dosing regimen for voriconazole in the United States and Europe consists of two loading doses of 6 mg/kg of body weight 12 h apart, followed by 3 to 4 mg/kg twice a day (BID). Given p.o. to adults, two doses of 400 mg 12 h apart are followed by 200 mg BID, which can be increased to 300 mg in case of an inadequate patient response. Oral doses should be halved for adult patients with Ͻ40 kg of body weight. In the European Union, voriconazole is also licensed for pediatric use in patients of 2 to Ͻ12 years of age, with recommended dosages of 7 mg/kg BID (for the i.v. formulation) and 200 mg BID (for the oral suspension), without loading doses.
Following p.o. administration to adults, voriconazole is absorbed rapidly, with maximum plasma concentrations (C max ) achieved 1 to 2 h after dosing in the fasted state. Absolute bioavailability is estimated to be 96%, which allows switching from i.v. to p.o. use when it is clinically indicated (16) . Voriconazole is also distributed extensively into tissues, as evident from its volume of distribution at steady state (V ss ) of approximately 4.6 liters/kg (15) . In vitro data demonstrate that voriconazole is primarily metabolized by hepatic CYP2C19, CYP2C9, and CYP3A4 isoenzymes and that the drug is transformed into more than eight different metabolites, with the N-oxide accounting for 72% of metabolic products in plasma (7, 15) . As with several other azoles that are hepatically metabolized by CYP450 isoenzymes, the pharmacokinetics of voriconazole are nonlinear (6, 18) . Factors influencing voriconazole exposure have been studied extensively, and while they have demonstrated relatively low intrasubject variability, intersubject variability has been found to be high (15, 18) .
The factors affecting intersubject variability in voriconazole exposure between adults include genetic differences, gender, and age, although none of these exerts a clinically relevant effect. For example, there are three main genotypes for the CYP2C19 enzyme, namely, homozygous poor metabolizers (PMs), heterozygous extensive metabolizers (HEMs), and homozygous extensive metabolizers (EMs). However, the CYP2C19 genotype by itself does not accurately predict voriconazole plasma concentrations in patients, and therefore dose adjustment based solely on this factor is not recommended (7) . Similarly, data from therapeutic studies indicate that no dose adjustments are required on the basis of age or gender (15) .
Candidates for systemic antifungal therapy with voricon-azole also include pediatric patients (aged 2 to Ͻ12 years), often with underlying conditions such as hematological malignancies and/or transplant procedures (23) . For example, U.S. data indicate a 0.4% annual incidence of invasive aspergillosis in hospitalized immunodeficient children, but incidences as high as 19% have been reported for certain pediatric subpopulations (13, 25) . However, the optimum dosing regimen for children is under discussion. This report describes the results of a population pharmacokinetic analysis characterizing the interrelationships between voriconazole plasma concentrations and potential covariates in children, which further builds on a previously published report (23) . The primary aim of our analysis was to construct a refined pharmacokinetic model for pediatric patients in order to derive suitable dosage recommendations for voriconazole in individuals of 2 to Ͻ12 years of age. Based on the assumption of similar exposure-response relationships in the different populations, the resultant dosing recommendations are intended to achieve voriconazole exposures in pediatric patients comparable to those in adults following the approved i.v. and p.o. dosing regimens.
MATERIALS AND METHODS

Study data.
Data from three open-label pediatric studies, with a total of 82 patients of 2 to Ͻ12 years of age, were incorporated into the analysis. These studies investigated the pharmacokinetics, safety, and tolerability of p.o. and/or i.v. voriconazole in children, examining a range of dosage regimens, including single doses of 3 and 4 mg/kg i.v. (study A; n ϭ 11) as well as multiple doses of 3, 4, 6, and 8 mg/kg BID i.v. (study B and study C) followed by multiple oral suspension doses of 4 and 6 mg/kg BID (study C). Both multiple-dose studies followed a within-subject dose escalation methodology. In study B (n ϭ 28), patients received loading doses of 6 mg/kg BID on day 1, followed by 3 mg/kg BID on days 2 to 4 and 4 mg/kg BID on days 4 to 8. In study C, one cohort received loading doses of 6 mg/kg BID i.v. on day 1, 4 mg/kg BID i.v. on days 2 to 4, 6 mg/kg BID i.v. on days 5 to 8, and then 4 mg/kg BID p.o. on days 9 to 12. A second cohort received 6 mg/kg BID i.v. on days 1 to 4, 8 mg/kg BID i.v. on days 5 to 8, and then 6 mg/kg BID p.o. on days 9 to 12. i.v. infusions were administered over 0.5 and up to and including 1.5 h (30% of all infusions), over 1.5 and up to and including 2.5 h (47%), or over 2.5 and up to and including 3.5 h (22%). The remaining 1% of infusions were outside these times.
Plasma voriconazole concentrations were determined using a previously validated high-performance liquid chromatography method (22) . A total of 1,274 plasma samples-an average of 15.5 samples per individual-were analyzed for voriconazole concentration. Four plasma samples per patient, drawn at interval windows of 2 to 4 h, 4 to 8 h, 8 to 12 h, and 12 to 24 h postdose, were obtained in study A. For patients enrolled in study B, samples were drawn on days 1, 2, 4, and 8 at interval windows of 2 to 4 h, 4 to 8 h, 8 to 12 h, and 12 to 24 h postdose on each day designated for sample collection. In study C, six to eight samples per patient and per day were collected on days 4, 8, and 12 at prespecified time points, depending on whether patients received i.v. doses of 4 or 6 mg/kg (prior to dose, 2 min before the end of infusion, and 2, 4, 6, 8, and 12 h after the start of infusion) or 8 mg/kg (prior to dose, 2 min before the end of infusion, and 4, 6, 8, and 12 h after the start of infusion) or p.o. doses (prior to dose and 0.5, 1, 2, 4, 6, 8, and 12 h after dose).
The subsequent analysis considered a number of factors with a possible influence on voriconazole pharmacokinetics, including demographic factors (age, gender, weight, height, and ethnic origin), biochemistry (serum creatinine, aspartate aminotransferase, alanine aminotransferase [ALT], alkaline phosphatase [ALP], ␥-glutamyltransferase, albumin, total bilirubin, and total protein levels), concomitant medications (CYP2C19 inhibitors, CYP2C9 inhibitors, CYP3A4 inhibitors, and CYP450 inducers), underlying disease (leukemia, bone marrow transplant, aplastic anemia, lymphoma, or other), and other factors (CYP2C19 genotype status and presence of mucositis). Data on these potential covariates were collected from each patient. In case of any missing covariate values for an individual, these values were replaced by the respective median value for the population. However, patients without CYP2C19 information were excluded from the analysis (four patients from study B and one patient from study C).
The patients' average body weight was 22. Pharmacokinetic analysis. Formal population pharmacokinetic analysis of the combined plasma concentration data was carried out by applying the nonlinear mixed-effect modeling approach. The software package NONMEM (version V, level 1.1) was used to derive the population mean and variance for all pharmacokinetic parameters (described below). Pharmacokinetic models were fitted to concentration-versus-time data through standard population pharmacokinetic methodology (2) . All NONMEM analyses were carried out using the first-order conditional estimation method with the interaction option. The appropriateness of particular models was assessed by graphical diagnostics, using Xpose (version 3.1) software (8) .
The model-building strategy was based on a previously published initiating model that was developed from a smaller data set than the one described here (i.e., results from study A and study B) (23) . The initiating model for the present analysis used two-compartment disposition with Michaelis-Menten elimination parameterized in terms of clearance in the linear concentration range (CL), Michaelis-Menten constant (K m ), volume of distribution of the central compartment (V c ), volume of distribution of the peripheral compartment (V p ), intercompartmental clearance rate (Q), and maximal rate of metabolism (V max ). V max was obtained as CL multiplied by K m and expressed-along with the disposition parameters-as per kg of body weight. This model also used first-order absorption with estimated bioavailability, parameterized as the rate constant of absorption (K a ), and extent of bioavailability (F) but assumed no lag time for p.o. administration.
Interindividual variability terms, without covariances, were included on CL, K m , and F in the initial model and were described using exponential models. The latter model-building process also tested interindividual variability in other parameters, as well as covariance between parameters. The initiating model for residual error (RE) was an additive model for log-transformed concentration data, corresponding approximately to a proportional error on untransformed data. The RE magnitude was allowed to vary between subjects through incorporation of an interindividual variability term (10) . Although it was not part of the initiating model, interoccasion variability was evaluated at later stages by a previously described method (11) . The initiating model contained the following covariate relations for CL: CYP2C19 genotype (either EM or HEM/PM [as there were only three PMs in the data sets, they were merged with HEMs into one group]), log(ALT), and log(ALP).
The parameters CL, V c , Q, and V p were modeled as directly proportional to weight. The influence of further potential covariates, including age, on CL, K m , and F was investigated during the modeling process; candidate covariates were first identified through graphical analyses of covariates versus the empirical Bayes post hoc estimates for the relevant individual deviations of the model. In addition, some further covariates were tested for direct relationships in the model. For time-varying covariates, it was determined whether the relationship was adequately characterized by either the baseline covariate value or the change in covariate value from baseline. The statistical significance of including any such covariate relationship or an additional interindividual variability term into the NONMEM model was assessed by comparing the objective function values (OFVs) before and after inclusion. Additions to the model were retained in the model if their removal significantly (P Ͻ 0.001) increased OFV, i.e., the change in OFV was Ͼ10.8.
During model building, the internal validity of the population model was assessed by goodness-of-fit plots. Once a final model was identified, an internal validation was carried out. This included 10 case deletion diagnostics in order to demonstrate that the final model parameters were not influenced by data from any randomly selected group of patients. Each case deletion excluded the data set for a different, equally sized patient group (individuals were randomly assigned to one group per individual) and then reestimated the voriconazole pharmacokinetic parameters by using the final model.
Simulations. Individual parameter estimates for subjects from study C were obtained from the final model and used in a number of deterministic simulations where area-under-the-curve (AUC) values were integrated from the individual concentration-time profile by use of the differential equation solver implemented in NONMEM V ( ADVAN 6 dose, conditioned on the nominal study day. Day 1, all data for 0 to 48 h, corresponding to days 1 and 2, for all studies; day 4, all data for Ͼ48 to 96 h, corresponding to days 3, 4, and 5, for studies B and C only; day 8, all data for Ͼ96 to 192 h, corresponding to days 6, 7, 8, and 9, for studies B and C only; day 12, all data for Ͼ196 h, corresponding to Ͼ9 days, for study C only.
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RESULTS
Model building. Figure 1 shows the observed voriconazole plasma concentrations following i.v. and p.o. administration versus time after last dose conditioned on the nominal study day. Table 1 details the parameter estimates from a number of models used in this analysis. For the final model, the absorption rate constant was estimated to be 0.849 h Ϫ1 , and the extent of p.o. bioavailability was 44.6%. Replacing MichaelisMenten elimination in the model with linear elimination resulted in a statistically significant (P Ͻ 0.001) OFV increase. A combined Michaelis-Menten and linear elimination did not improve the description of the data compared with a single Michaelis-Menten elimination. Distribution characteristics obtained from the final model for a typical pediatric individual weighing 22.8 kg were an 18.4-liter V c , a 49.5-liter V p , and a Q value of 13.9 liters/h.
Neither K m , F, nor interindividual variability was significantly different between CYP2C19 genotypes. However, the RE magnitude was significantly lower for the PM/HEM group than for the EM group, with values of 29.9% and 57.3%, respectively (P Ͻ 0.001). While the ALP relationship with CL present in the initiating model was estimated to be close to zero and therefore omitted from the final model, the ALT relationship with CL remained significant and was retained. A new statistically significant covariate relationship (P Ͻ 0.001; ⌬OFV ϭ 18.4) was also detected: CYP2C9 inhibitors decreased CL 26.8% (90% confidence interval [CI], 13.6% to 40.0%) when such inhibitors were given concomitantly with voriconazole. In contrast, CL changes in response to cytochrome P450 inducers, as well as CYP3A4 and CYP2C19 inhibitors, were nonsignificant, being 13.5% (90% CI, Ϫ11.6% to 38.6%), Ϫ1.7% (90% CI, Ϫ23.8% to 27.2%), and 9.6% (90% CI, Ϫ24.5% to 43.7%), respectively. Allowing weight to influence F resulted in a decrease in OFV of 6.5 (P Ͻ 0.025), predicting lower F values for lighter patients. However, as this relationship did not reach the prespecified significance level (P Ͻ 0.001), it was not included in the final model. All other covariate relationships tested did not reach statistical significance.
Incorporating correlations between CL, K m , and F resulted in a 46-unit (P Ͻ 0.001) decrease in OFV compared with the initiating model, and introducing interoccasion variability in CL resulted in a significant (P Ͻ 0.001) decrease compared with a model without this variability. Since both changes were statistically significant, they were retained. Additional introductions of interindividual or interoccasion variability did not yield significant changes and/or resulted in unstable models.
Goodness-of-fit plots for voriconazole plasma concentrations predicted from the final pharmacokinetic model are shown in Fig. 2 . Figure 3 shows comparisons between the AUCs predicted from the final (compartmental) pharmacokinetic model and derived from the originating study noncompartmental analysis (trapezoidal rule). Table 2 compares the predicted CL, the covariate distribution, and the relative change in CL across different ranges of covariate (CYP2C19 status, ALT, and CYP2C9 inhibitor status) values for the alternative final model.
Deletion diagnostics. Two of the parameters-K m and log(ALT) on CL-displayed larger variability than others across the 10 data sets during the deletion diagnostic tests. The change in K m upon omission of one of the groups was marked. However, exclusion of this group simultaneously resulted in a lower estimate of CL: the difference in the estimated elimination rate from the final model at 500, 1,000, 2,000, 4,000, and 8,000 ng/ml was Ϫ11%, Ϫ4%, 6%, 22%, and 41%, respectively. Omission of another data set rendered the ALT relationship smaller in magnitude, with a more uncertain estimate. Simulations. Figure 4 shows the percent deviations in the voriconazole AUC distribution within the pediatric population from the values for the reference adult population (following 4 mg/kg BID i.v.) at day 14 for the range of mg/kg i.v. dosages tested in the deterministic simulations. A dose of 8 mg/kg BID i.v. demonstrated the smallest deviation at the median exposure but higher relative exposure deviations of up to 150%. Exposure deviances also resulted following 7 mg/kg BID i.v., but they were of a much smaller magnitude. At this dosage, the relative deviations across all percentiles were almost entirely within a Ϯ50% range of adult exposures. A 6-mg/kg BID i.v. dosage was associated with consistently lower exposures throughout the entire pediatric distribution than those for the adult reference population. Table 3 contrasts the simulated exposure deviations from the reference population between pediatric subjects receiving a dosage of 7 mg/kg BID i.v. and those receiving individually adjusted i.v. dosages. In comparing a dose of 7 mg/kg BID i.v. to doses individually adjusted according to CYP2C19 genotype or age, it appears that such adjustments offer no improvement over the unadjusted dose and can therefore not be justified on the basis of exposure distribution. Furthermore, the influence of a range of i.v. loading doses (6, 7, 8, 9, or 10 mg/kg BID on day 1) on pediatric voriconazole exposures preceding a maintenance regimen of 7 mg/kg BID i.v. starting on day 2 was considered. These loading-dose regimens appeared to have no important influence on the trajectory and timing by which "stable" voriconazole exposure was attained from day 2 onwards. Figure 5A and B illustrate the simulated deviations in voriconazole AUC distribution for a range of mg/kg and fixed p.o. dosages between the pediatric population and the reference adult population (200 mg BID p.o.) on day 14. These figures demonstrate that fixed-dose AUCs generally deviated much less (both positively and negatively) from the reference adult AUCs than did AUCs following p.o. mg/kg doses, especially above the 80th percentile. Figure 5B shows that for a 300-mg BID p.o. dose, high relative exposures (Ͼ50% deviation from the reference distribution) were frequent. Doses below 200 mg BID p.o. were associated with almost consistently lower exposures than those of the adult reference population. At the 
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200-mg BID p.o. dose, the relative deviation across all percentiles was almost entirely within a Ϯ50% range of adult exposures. , or 500 mg BID on day 1) preceding maintenance doses of 200 mg BID from day 2 onwards was considered. These loading-dose regimens appeared to have no important influence on the trajectory and timing by which "stable" voriconazole exposure was attained from day 2 onwards.
DISCUSSION
The present study used a population pharmacokinetic approach to identify potential sources of pharmacokinetic variability in children (2 to Ͻ12 years of age) receiving i.v. or p.o. voriconazole. The extent of variability attributable to these potential sources was also examined, and a compartmental model for pediatric voriconazole pharmacokinetics was developed. This model was then used in deterministic simulations aimed at establishing the most suitable i.v. and p.o. dosing regimens for voriconazole in young patients. Simulation outcomes suggest that exposures achieved with voriconazole dosages of 7 mg/kg BID i.v. and 200 mg BID p.o. in pediatric patients of 2 to Ͻ12 years of age are comparable to exposure levels observed in adult patients receiving approved dosing regimens. Based on the standard assumption that in the ab- sence of any additional information a new subpopulation will derive consistent efficacy responses from drug levels similar to those in a patient population for which a dosage regimen has already been established, these voriconazole dosages can thus be recommended for pediatric patients.
The most recent pediatric studies used higher voriconazole doses than the earlier studies did, allowing a fuller characterization of its pharmacokinetics. Previous studies have demonstrated that the nonlinear, mixed-effect modeling approach used in this analysis is useful in analyzing both sparse pharmacokinetic data from patient studies (allowing pharmacokinetics to be assessed in the population in which a drug is to be used) (20) and rich data collected in experimental settings (1, 5, 21) . Those studies also provided evidence that nonlinear, mixedeffect modeling using the first-order conditional estimation algorithm for population analyses offers superior detection and characterization of nonlinear pharmacokinetic processes in rich data obtained from few subjects, as was the case with most of the data included in the present analysis (9) . Furthermore, this approach has been shown to allow better definition of how to use a drug in the clinical setting. Important pharmacokinetic differences exist between adults and children receiving voriconazole. Although absorption rate constants were similar between children and adults (0.849 h Ϫ1 and 0.654 h Ϫ1 , respectively), p.o. bioavailability of voriconazole in pediatric patients (44.6% bioavailability) was reduced 51.4% compared with that in adults (96% bioavailability, as determined by a NONMEM population pharmacokinetic analysis similar to the one described herein) (15) . A potential mechanistic explanation could be that pediatric patients exhibit not only greater systemic metabolism but also greater first-pass metabolism than that of adults. This assumption is supported by several observations, as follows: (i) adults appear to reach saturation (nonlinearity) in pharmacokinetics at a lower voriconazole concentration; (ii) there is a strong negative correlation between K m and F, as well as between V max and F, indicating higher F values where saturation occurs at low concentrations; (iii) children on average have higher hepatic blood flow than that of adults per kilogram of body weight, leading to a higher dilution of voriconazole during absorption (for a 20-kg pediatric patient, hepatic extraction is approximately 55%, based on a hepatic plasma flow of 21.1 liters/h and a hepatic CL of 11.6 liters/h); and (iv) the elimination rate, even if not saturated, is sufficiently large that it can account for a hepatic first-pass effect of about 50%. Logistical factors may also have contributed to this difference in p.o. bioavailability. Control over voriconazole administration relative to eating times during the pediatric studies might have been limited, while adult data were obtained under strict fasted conditions within a controlled phase I environment. Since voriconazole has been shown to display less bioavailability following fed conditions than after fasting (17) , albeit with a lower magnitude of reduction than that documented here, study protocols for both adult and pediatric studies specified that p.o. dosing should not occur within 1 h of food consumption. However, given the nature of the patients enrolled in the pediatric studies, it is unlikely that fasting conditions identical to those of a controlled phase I environment were achieved. While mucositis was a relatively frequently observed adverse event in study C (it was not assessed in the other studies), the presence of this condition did not appear to influence voriconazole absorption and p.o. bioavailability.
Parameterization with CL and K m rather than V max and K m was chosen for a number of reasons, mainly due to offering more numerical stability when concentrations do not cover values much higher than the K m , similar to what has been published previously for the E max model (19) . In addition, when nonlinearity is not pronounced-such as in this analysis, where average voriconazole concentrations were typically below the K m -it is likely more clinically relevant to obtain parameter values for CL in the linear concentration range rather than those for V max . This choice of parameterization also allows retention of an exponential distribution model for CL in the linear range, which is more appropriate for mixed-effect models. Furthermore, when adding a nonlinear element to a linear model, retaining CL as a parameter allows the two models (linear and nonlinear) to be compared as nested models. Finally, with the majority of data below the K m , individual (post hoc) estimates of both K m and V max may be less informative than CL values, which can hamper model building and model evaluation efforts.
As in adult patients, voriconazole distribution in the present study was best described by a two-compartment model. The need to use a structural model describing elimination by a nonlinear Michaelis-Menten process was confirmed by the fact that a linear model resulted in a statistically significant OFV increase (P Ͻ 0.001). Due to a higher K m in children (3,030 ng/ml for EMs) than in adults (404 ng/ml for EMs), nonlinear elimination became apparent at higher doses for pediatric patients than for adults.
As in adults, elimination capacity in patients of 2 to Ͻ12 years of age was correlated with CYP2C19 genotype. However, while in children a difference in CL rates was seen only between the HEM/PM group and the EM group (35.5% reduction), in the adult population different estimates were obtained for PMs, HEMs, and EMs (15) . This discrepancy between the adult and pediatric models may be due to the more limited voriconazole plasma concentration data available for pediatric PMs and HEMs. In children, the PM/HEM genotype exhibited a lower RE magnitude than the EM genotype did. A potential explanation for this could lie in the slower voriconazole elimination in the former group, which therefore had flatter concentration-time profiles that were less influenced by any potential inaccuracies in dosing or sampling times.
In addition to CYP2C19 genotype, the other significant pe- diatric covariates on CL were ALT level and coadministration of CYP2C9 inhibitors. While increased levels of ALT after initiation of voriconazole dosing were associated with lower CL values, the baseline level (i.e., prior to initiation of voriconazole dosing) of this covariate was not predictive of CL. According to standard model-building criteria, the model that incorporated an influence of CYP2C9 inhibitors but was otherwise identical to the final model would ultimately have been chosen; this model is termed the "alternative final model" in Table 1 . However, the main intended use of the final model was pediatric dose selection by simulation of different dosing schedules. Since the CYP2C9 inhibitor status changed for as many as 18 of the 82 patients during the course of therapy and since the difference in individual predictions between the two models was low (i.e., Ͻ1%, on average), it was deemed more appropriate to use the model not including a CYP2C9 inhibitor effect in the subsequent deterministic simulations.
These simulations were based on the data from study C (multiple-dose, i.v.-to-p.o.-switch dosing regimen) because this study provided the highest and longest duration of voriconazole exposure of the three studies and because the resultant simulations were interpolations within the observed concentration data. Furthermore, only study C obtained information following p.o. administration. Previous pharmacokinetic analyses of voriconazole pediatric data suggested that doses of 4 mg/kg BID i.v. would achieve median AUC values comparable to those for a reference adult population receiving 3 mg/kg BID i.v. (23) . This observation likely reflects the higher elimination capacity in pediatric patients, due to a greater livermass-to-body-mass ratio than that of adults.
The present analysis shows that for pediatric patients, i.v. doses of 7 mg/kg BID are required to achieve median AUC values comparable to those of a reference adult population receiving 4 mg/kg BID i.v. (the maintenance dose most commonly used in clinical practice). This conclusion is supported by the simulation outcomes, despite the fact that this particular dose was not actually tested in the three pharmacokinetic studies that formed the basis of the final model. This dose differential between adult and pediatric populations can be explained by the different degrees of nonlinearity in voriconazole pharmacokinetics exhibited by each group. As shown in Fig. 4 , 7 mg/kg BID i.v. appears to have the best "compromise" performance not only for the mid-range exposures but also across the entire distribution of exposures. In comparing a dose of 7 mg/kg BID i.v. to doses adjusted individually according to CYP2C19 genotype or age, it appears that such adjustments offer no improvement over the unadjusted dose and can therefore not be justified on the basis of exposure distribution. In addition, initiation of i.v. voriconazole therapy with doses other than 7 mg/kg had negligible outcomes in terms of the time course to attain stable exposure values.
Similarly, p.o. administration on a fixed rather than on a mg/kg of body weight basis minimizes deviations between pediatric and adult AUCs across the entire distribution of exposures. In this case, 200 mg BID p.o. deviated the least from the adult reference population at the median exposure, with relatively high deviation only at the 90th and 95th percentiles. Individual dose adjustments based on CYP2C19 genotype, age, or weight offered no improvement in terms of exposure distribution for a fixed dose of 200 mg BID p.o. Furthermore, initiating voriconazole therapy with p.o. doses other than 200 mg had only negligible effects on the time course required to attain stable exposure values. For p.o. voriconazole administration, the additional consideration of lower bioavailability in children is a further factor in explaining why higher dosages (on a mg/kg basis) are required for pediatric patients to achieve exposures consistent with those in adults following 200 mg voriconazole BID p.o.
The results of this population pharmacokinetic analysis and the subsequent deterministic simulations suggest that voriconazole doses of 7 mg/kg BID i.v. or 200 mg BID p.o. (irrespective of body weight) can be recommended for patients of 2 to Ͻ12 years of age for treatment of serious fungal infections. Covariate-based dose adjustments do not appear to offer substantial improvements over unadjusted dosing regimens in achieving exposures similar to those in adults. Similarly, loading doses offer little benefit, as they do not seem to reduce the length of time in which stable exposure values are attained. Voriconazole was in fact recently licensed in the European Union for use in this pediatric population in accordance with the above dosing recommendations. This pharmacokinetic study represents a substantial step forward in determining the most appropriate dosing regimen for voriconazole in children and could be complemented by future clinical studies.
